Optogenetics is widely used in neuroscience to control neural circuits. However, non-invasive methods for light 3 delivery in brain are needed to avoid physical damage caused by current methods. One potential strategy could 4 employ x-ray activation of radioluminescent particles (RPLs), enabling localized light generation within the brain.
Control and LSO:Ce incubated slices were interleaved to account for slice health. Extracellular field excitatory 142 postsynaptic potentials (fEPSPs) recorded from the dendritic region in hippocampal area CA1 were performed in 143 a submersion chamber perfused with standard aCSF at room temperature. All data were obtained using the 144 electrophysiology data acquisition software pClamp10 (Molecular Devices, LLC, Sunnyvale, CA.) and analyzed 145 using Clampfit within the pClamp10 suite, and Graphpad Prism 7 (GraphPad Software, Inc.). For CA3-CA1 146 synapses, Schaffer collateral axons were stimulated using a twisted insulated nichrome wire electrode placed in 147 CA1 stratum radiatum within 200-300 μm of an aCSF-filled glass recording electrode, and paired-pulse 148 facilitation (PPF) characteristic of this synapse (Wu and Saggau, 1994) After a stable 10 min baseline, input-output (I/O) curves were generated by increasing the stimulus intensity (20 155 μA increments) until a maximal fEPSP slope was obtained, usually at 200 μA. Initial slope of the five fEPSPs 156 generated at each stimulus intensity were averaged and plotted as a single value. Statistical significance was 157 determined by 2-way ANOVA with Sidak's multiple comparison test. (Albertson et al., 2017) . A vibratome (Campden 7000smz-2, Lafayette Instrument) was used to cut 300 μM thick 185 hippocampal brain slices. The slices were maintained for 45-60 min at 37°C in oxygenated recovery solution 186 containing (in mM) 120 NaCl, 3.5 KCl, 0.7 CaCl2, 4.0 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose and 187 then kept at room temperature. Slices were stored at room temperature in a holding chamber containing the 188 recovery solution and bubbled with 95% O2/5% CO2 for >30 minutes before recording. If the conditions are right, tissue heating under illumination can cause damage and contribute to observed behavioral or physiological effects (Long and Fee, 2008) . The use of nanoparticles made from inorganic scintillators will allow for the light source to be extremely close to ChR2 and therefore less light would be needed 362 to activate ChR2, reducing the risk of damage caused by heat. 363 Here we observed that light emitted from LSO:Ce microparticles in response to UV stimulation caused an increase 364 in the frequency of sEPSCs onto CA1 pyramidal cells, indicating activation of ChR2. However, we did not detect 365 firing of action potentials or large light-evoked EPSCs, suggesting that the activation of ChR2 is modest. UV 366 light alone is also able to provide weak activation of ChR2, as seen by small photocurrents and an increase in 367 sEPSC frequency. The photocurrents were modest with stimulation at 365 nm, and even smaller at 315 nm. One 368 limitation of the current experiment is that the particles were applied to the surface of the slice, and therefore are 369 likely to be 100 microns or more from the cell expressing ChR2. The proposed use of RLPs for in vivo 370 optogenetics would use smaller particles that will be located much closer to ChR2, thus reducing light attenuation 371 from scattering. As a result, the light needed for ChR2 activation in vivo should be even less. 372 We observed no toxicity in primary neuronal cultures following 24 hours of LSO:Ce microparticle exposure, and 373 in acute hippocampal slices, there was no inflammatory response assessed by GFAP staining in astrocytes or 374 decrease in strength of basal transmission assessed by I/O curves at CA3-CA1 synapses. However, there were 375 some minor effects on synaptic function. While there was no effect on sIPSCs, there was a small reduction in the 376 frequency but not amplitude of sEPSCs together with an increase in PPR of evoked excitatory transmission, 377 indicating an effect of the particles on presynaptic release probability (Dobrunz and Stevens, 1997) . There was 378 also a small reduction in the input resistance of CA1 pyramidal cells, which could contribute to reduced cell 379 excitability. Alterations in neuronal excitability have been shown to modulate presynaptic release probability 380 (Crabtree et al., 2017), suggesting that this could be the underlying mechanism for the minor effects on synaptic 381 function with application of the LSO:Ce microparticles. 382 We also observed a slight but significant decrease in the magnitude of LTP, the long-term enhancement of 383 synaptic strength and a cellular correlate of learning and memory (Malenka and Bear, 2004) . Because LTP 384 induction and expression is highly susceptible to cellular and behavioral stress, it is a sensitive measure of 385 neuronal and synaptic health. LTP was induced using high frequency stimulation and was monitored for 40 min 386 post-tetanus. While the LSO:Ce particles did not affect the magnitude of the post-tetanic potentiation or the gabaergic interneurons in malformed rat neocortex. Front Cell Neurosci 11:109.
Figure 1. Light emitted from LSO:Ce microparticles enhances synaptic transmission from ChR2 expressing CA1 pyramidal cells. A)
Example traces of sEPSCs recorded from a CA1 pyramidal cell in an acute hippocampal slice from a Emx:ChR2 mouse that was not incubated with LSO:Ce particles. The solid line above the traces represents the section that was analyzed, either in the presence or absence of 500 ms of 315 nm UV light. B) Example traces of sEPSCs onto CA1 pyramidal cells from an acute hippocampal Emx:ChR2 mouse slice that was incubated with LSO:Ce particles for 1 hour. The solid line above the traces represents the section that was analyzed, either in the presence or absence of 500 ms of 315 nm UV light. C,D) For each experiment, the sEPSC amplitude and frequency measured in the presence of the 315 nm UV light was normalized to a section of the same trace that was not exposed to UV light to account for cell to cell variability. C) Application of UV light alone decreased the amplitude of sEPSCs compared to baseline (n=5, Student's t-test, p = 0.01). Nevertheless, the presence of the LSO:Ce particles enhanced the sEPSC amplitude as compared to UV alone (n = 5, 7, Student's t-test, p = 0.03). D) There was a trend for exposure to UV light alone to enhance the frequency of sEPSCs (n=5, Student's t-test, p = 0.19). The light emitted from LSO:Ce particles by UV activation almost doubles the number of sEPSCs compared to baseline (n = 5, 7, Student's t-test, p = 0.04). * indicates significant difference (p < 0.05) with and without LSO:Ce particles + indicates significant difference (p < 0.05) compared to no UV light . Acute application of LSO:Ce microparticles has no effect on the strength of basal synaptic transmission at CA3-CA1 synapses. A) Representative traces of field excitatory postsynaptic potentials (fEPSPs) at CA3-CA1 synapses in response to increasing stimulus intensity from acute hippocampal slices incubated without and with LSO:Ce particles (black traces: control and purple traces: particle). B) No change in the input/output (I/O) curve in in the presence of LSO:Ce particles (n = 6 slices/6 animals control, n = 6 slices/6 animals LSO:Ce; *p > 0.05). Data represent mean ± SEM. Significance determined by 2-way ANOVA with Sidak's multiple comparison test. Paired-pulse ratio (PPR) was significantly increased following incubation with particles (n = 6 slices/6 animals control, n = 6 slices/6 animals LSO:Ce; *p <0.05) Figure 5 . Acute application of LSO:Ce microparticles reduces the frequency, but not amplitude, of sEPSCs recorded from CA1 pyramidal cells. A) Example traces of spontaneous EPSCs onto CA1 pyramidal cells from acute hippocampal slices incubated with and without the particles for 1 hour. B) Group data showing that the amplitude of sEPSCs was unaltered in the presence of LSO:Ce particles (n = 15, 11, Student's t-test, p = 0.24). C) Group data showing the frequency of sEPSCs was significantly reduced in the presence of LSO:Ce particles (n = 15, 11, Student's t-test, p = 0.03). * indicates significant difference (p < 0.05) with and without LSO:Ce particles Figure 6. Acute application of LSO:Ce microparticles had no effect on sIPSCs recorded from CA1 pyramidal cells. A) Example traces of sIPSCs onto CA1 pyramidal cells from acute hippocampal slices incubated with and without the particles for 1 hour. B) Group data showing the amplitude of sIPSCs was unaltered in the presence of LSO:Ce particles (n = 5, 9, Mann-Whitney test, p = 0.18). C) Group data showing that frequency of the sIPSCs was unaltered in the presence of LSO:Ce particles (n = 5, 9, Mann-Whitney test, p =0.79).
Figure 7 Acute application of LSO:Ce microparticles decreases LTP at CA3-CA1 synapses.
A) The magnitude of High Frequency Stimulation (HFS, 5X 1 sec at 100Hz) induced LTP at CA3-CA1 synapses was significantly decreased in slices incubated with particles. B) Averaged representative responses at −5 and +35 minutes HFS (black and grey traces: control and purple and light purple traces: particle). Deficit in late but not early LTP magnitude in slices incubated without and with particles for an hour (40 min LTP: 138±5% and 118±2%, n = 5 slices/5 animals, n = 7 slices/7 animals respectively; *p = 0.0038; 20 min LTP: 124±4% and 121±2%, n = 5 slices/5 animals, n = 7 slices/7 animals respectively; *p >0.05). Data represent mean ± SEM. Significance determined by unpaired Student's t-test. 20 mins 40 mins
